In the mouse embryo, allocation of definitive (gut) endoderm commences at early-to mid-streak stage when epiblast-derived cells are first incorporated into the preexisting layer of visceral endoderm (Lawson and Pedersen 1987; Tam and Beddington, 1992) . By the mid-streak stage the endoderm underneath the primitive streak is populated by the progenitors of the endoderm in the prechordal part of the foregut and in the caudal region of the early-somite stage embryo (Lawson et al., 1986) . These progenitors are followed shortly by those of the dorsal and ventral populations of the rest of the foregut . Precursors of the mid-and hindgut are recruited to the endoderm later during gastrulation, and this nascent population is incorporated into the endoderm layer by intercalation between the foregut and the caudal-most endoderm (Lawson et al., 1986; Tam et al., 2004) . Recruitment of cells from the epiblast via the primitive streak to the endoderm continues until the early-head-fold stage (Tam and Beddington, 1987; Wilson and Beddington, 1996) . By then, all the progenitors of the embryonic gut are presumed to be in place (Wells and Melton, 1999) and are regionalized into precursors of major rostro-caudal segments of the gut by the inductive/signalling activity of the adjacent germ layers (Wells and Melton, 2000) .
Introduction
In the mouse embryo, allocation of definitive (gut) endoderm commences at early-to mid-streak stage when epiblast-derived cells are first incorporated into the preexisting layer of visceral endoderm (Lawson and Pedersen 1987; Tam and Beddington, 1992) . By the mid-streak stage the endoderm underneath the primitive streak is populated by the progenitors of the endoderm in the prechordal part of the foregut and in the caudal region of the early-somite stage embryo (Lawson et al., 1986) . These progenitors are followed shortly by those of the dorsal and ventral populations of the rest of the foregut . Precursors of the mid-and hindgut are recruited to the endoderm later during gastrulation, and this nascent population is incorporated into the endoderm layer by intercalation between the foregut and the caudal-most endoderm (Lawson et al., 1986; Tam et al., 2004) . Recruitment of cells from the epiblast via the primitive streak to the endoderm continues until the early-head-fold stage (Tam and Beddington, 1987; Wilson and Beddington, 1996) . By then, all the progenitors of the embryonic gut are presumed to be in place (Wells and Melton, 1999) and are regionalized into precursors of major rostro-caudal segments of the gut by the inductive/signalling activity of the adjacent germ layers (Wells and Melton, 2000) .
A fate-mapping study of the endoderm in the anterior region of the 1-10 somite stage embryo showed that cells contribute to the foregut as well as the rostral part of the midgut (Tremblay and Zaret, 2005) . During the development of the foregut, cells from the lateral domains of the anterior 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.04.001 endoderm converge ventrally with those from the anterior intestinal portal (AIP). This morphogenetic process is reputed to underpin the assembly of the precursors of the liver from cells at multiple sites in the lateral regions of the anterior endoderm and the AIP lip (Tremblay and Zaret, 2005) . There were, however, some gaps in the fate map. The fates of cells located in the central region of anterior endoderm have not been examined. In addition, the origin of the endoderm of the pharyngeal pouches in the embryonic foregut is not known.
Among the cells that are first recruited to the endoderm at early gastrulation are the progenitors of the most caudal endoderm population of the late-bud-stage embryo. Initially located over the anterior segment of the primitive streak, these cells are displaced posteriorly during gastrulation . Together with the nascent cell population recruited to the endoderm later, they occupy the node and post-nodal regions which make up the posterior half of the endoderm layer of the early-head-fold stage embryo . Very little is known about the fates of these cells, except that some of them will give rise to cells of the posterior (caudal) intestinal portal (Tam et al., 2004) and the caudal part of the midgut (Tanaka et al., 2005) . In particular, the relative contribution of the cells of the posterior endoderm, and the sub-populations therein, to the mid-and hindgut has yet to be elucidated.
A goal of our study is to completely map the fates of the endoderm population in the anterior region (the anterior endoderm) and in the node and post-nodal regions (the posterior endoderm) of the mouse embryo to provide a comprehensive view of the pattern of regionalization of progenitor cells of the embryonic gut. The other objective is to elucidate the events of morphogenetic movement accompanying the formation of the anterior and posterior intestinal portals by tracking the distribution of cells during their formation. This knowledge of the regionalization and tissue movement of the endoderm progenitors would be useful for the correlation of domain-specific gene expression pattern to the prospective fates of endoderm cells both in wild-type and mutant embryos and for assessing the outcome of experimental manipulations. Our results reveal that the prospective foregut could be mapped within the anterior endoderm, and the mid-and hindgut are formed mainly by the expansion of the progenitor populations in the posterior endoderm.
Results

Experimental strategy
To map the fate of endoderm cells in the early-head-fold to early-somite stage embryo, whole embryos were electroporated to introduce an expression vector encoding b-galactosidase and EGFP into the endoderm cells or the endoderm cells were labelled by painting their apical surface with carbocyanine dyes, CM-DiI (chloromethybenzamido-1-1-dioctadecyle-3,3,3 0 ,3 0 -tetramethylindocarbocyanine) and DiO (3-3 0 -dioctadecylozacarbocyanine). The distribution of fluorescent cells and LacZ-expressing cells in the gut was monitored as the embryo developed in whole embryo culture. The application of these two means of tagging endoderm cells allows an assessment of the consistency of the fate-mapping results obtained with different techniques. The prospective fates of cells at 13 sites of the endoderm were analysed. They included six sites in the endoderm underneath the head folds and rostral to the first somite: three in the midline and three in the lateral domains (Fig. 1A) . To ensure that cells at all six sites are readily accessible to labelling or electroporation, experiments were performed on embryos at 1-3 somite stage, before any cells become hidden underneath the lip of the anterior intestinal portal (Fig. 1B ). Seven sites were tested in the trunk and posterior regions of the embryo (Fig. 1C and D) . Two sites in the trunk region were around the node and in the paraxial region (near the last formed somites) lateral to the node; and five sites in the posterior region: three in the midline and two in the paraxial-lateral region (beneath the presomitic mesoderm). These seven sites were tested in embryos that had formed 5-9 somites. At this stage, significant recruitment of cells through the primitive streak to the endoderm has ceased (Tam and Beddington, 1987; Wilson and Beddington, 1996) . The full complement of progenitor cells of the embryonic mid-and hindgut is therefore available for the fate-mapping analysis.
To validate the efficacy and specificity of the cell marking techniques, E8.0 embryos labelled with carbocyanine dye (CM-DiI) or electroporated with a CMV-EGFP-IRES2-lacZ construct were fixed at 0 and 3 h after manipulation, respectively. Histological analysis of these embryos revealed that, in 8/11 dye-labelled embryos ( Fig. 2A and B) and 6/9 electroporated embryos ( Fig. 2C and D) , only cells in the endoderm layer were labelled and expressed the lacZ reporter, respectively. Furthermore, there was no significant disruption of the epithelial architecture of the endoderm.
Scoring the distribution of labelled cells
To establish the protocol for scoring the distribution of labelled cells in the anterior intestinal portal (AIP), we first examined the size and shape of this structure in several 16-19 somite stage embryo. At this stage, the anterior endoderm of the embryo has been transformed from a shallow invagination with a crescent-shaped lip (Fig. 2E) into a cul-de-sac with a tapered rostral end, laterally flanked by extensions as pharyngeal pouches (Fig. 2F ) and opened to the posterior via a narrowing portal. The first two pharyngeal pouches span between the midbrain-hindbrain junction (marked by En1, Fig. 2G ) to the upper hindbrain (marked by Krox20, Fig. 2H ). A preliminary analysis was performed on several embryos containing populations of anterior endoderm cells labelled with CM-DiI and/or DiO (Fig. 2I , J and K) and cultured for 24-28 h in vitro (Fig. 2 I 0 , J 0 and K 0 ). When the embryo was viewed from the ventral side, labelled cells from the endoderm lateral to the A1 site ( Fig. 2I) were localized to the tapered region (the oral part) of the AIP and the rostral part of the first pharyngeal pouch (Fig. 2I 0 , with reference to Fig. 2F ). Those from regions lateral to the A2 sites ( Fig. 2J) were found in the wall of the 2nd to about the 4th pharyngeal pouches (Fig. 2J  0 ) and those from A4 sites (Fig. 2K) were distributed widely along the lateral wall of the AIP (Fig. 2K  0 ) . In summary, cells derived from the paraxial and lateral populations in the anterior endoderm decorated the lateral wall of different regions of the AIP. In contrast, cells from the most rostral A1 site in the midline (green cells in Fig. 2K ) were localized in a medial domain in the lower part of the AIP (Fig. 2K 0 , embryo viewed ventrally), suggesting they have been translocated caudally during the formation of the AIP. When viewed from the medial side of the bisected embryo, these cells were found in the ventral wall (the floor) and cells from the A4 site occupied the lateral wall of the AIP (Fig. 2L) . The lateral position of the labelled cells is readily discerned after hybridization with a Pax9 riboprobe to outline the shape of the AIP (Fig. 2M ). Histological examination of this embryo confirmed the lacZ-positive cells scored by its position in a lateral view of the whole embryo were indeed localized on the lateral wall of the pharynx (Fig. 2M ). Based on these observations, the distribution of the labelled cells in the AIP was scored first by examining the whole embryo in the dorso-ventral view (Fig. 2I 0 -K 0 ) and lateral view ( Fig. 2L ) to determine the position (dorsal, lateral and ventral) of the labelled cells in the portal. Their location in the anterior-posterior axis of the AIP was scored with respect to the oral part, first and second pharyngeal pouches, third and fourth pharyngeal pouches and the lower part of the AIP adjacent to the ventricle of the heart to the entrance of the portal (Fig. 2N , and markers for orientation in Fig. 2O -R, see legend).
Cells found outside the portal were scored as in the ''midgut'' region (Table 1) , which corresponds to the open region of the embryonic gut, at the level of 4-5th to 14-15th somites, in the early-organogenesis stage embryo. Selected specimens were analysed histologically to confirm the score on whole mount embryos.
2.3.
The anterior endoderm contains the progenitor cells of the anterior intestinal portal 2.3.1. Cells in the midline are distributed to the floor and roof of the foregut Cells at three sites in the midline of the anterior endoderm were examined for their contribution to the AIP. The most anterior site, A1, which is underneath the cardiac crescent and the rostral margin of the head fold, contains endoderm cells of the ventral side (the floor), extending from the entrance to the portal to the level of Ph I/II (Fig. 3A-A1 and Table 1 ). Although Site A2 is initially caudal to A1, A2 cells were distributed to the midline in the oral and Ph I/II parts to occupy a more rostral position than the A1 cells (Fig. 3A-A2 and Table 1 ). Many A2 cells were also found in the lateral wall of the AIP ( Table 1 ), suggesting that they have expanded laterally. A3 cells were localized to the roof of the AIP, overlapping with A2 cells in the oral part ( Fig. 3A-A3 ). Midline cells that were dye-labelled or Table S1 ). Three examples of the double-labelled embryo were shown ( Fig. 3B ): A1 and A2 with floor versus tip distribution, A2
and A3 with tip versus roof, and A1 and A3 with floor versus roof.
Cells in the lateral domains populate not only the lateral wall of the AIP
Three lateral sites, A4, A5 and A6, located at the same axial level as A1, A2 and A3, respectively, were analysed. The three sites contained cells that were distributed widely at all levels . A4 cells were found in the lateral areas on the ventral side of the portal at all levels but in the lateral wall mainly at the Ph I-II and III-IV level (Table 1) . In contrast, A5 cells were incorporated into the AIP and occupied a domain rostral and dorsal to A4 cells. The A6 cells extended rostro-caudally mainly in the lateral region of the AIP, as well as to the lateral region of the open ''midgut'' (Table 1) . A comparison of the distribution of anterior endoderm cells from the most rostral and most caudal midline and lateral sites at similar axial level revealed that they spanned across similar anterior-posterior domains in the lateral regions and the roof/floor of the AIP, respectively (Fig. 3B -A1 + A4, A3 + A6). In contrast, endoderm cells from the middle regions (A2 and A5) were distributed to different axial level within the AIP, with A2 cells occupying more rostral (oral and Ph 1-II) regions than the A5 cells (Fig. 3B -A2 + A5). In all embryos, cells from the lateral sites (A4, A5 and A6) always contribute to cells in the lateral wall of the AIP (Table 2) . However, in some embryos, A5 and A6 (but not A4) cells from contralateral sides of the anterior endoderm were distributed asymmetrically in the wall of the AIP: A5 and A6 cells from the right hand side were localized preferentially to the dorsal-lateral region and those from the left hand side to the ventral-lateral region ( Fig. 4B and Table 2 ).
The peri-and lateral nodal endoderm contributes to the open gut region
The embryonic gut in the mid-region of the early-organogenesis (16-19 somite) stage embryo between the AIP and posterior (caudal) intestinal portal (CIP) opens ventrally to the parietal yolk sac cavity. Endoderm cells in the medial/axial region of this open ''midgut'' were derived from cells around the node of the early-somite stage embryo ( Fig. 5N and Table 3 ), whereas those in the lateral/paraxial region came from cells localized lateral to the node (Fig. 5LN and Table 3). Cells from the node and lateral-node regions were also found in the dorsal and lateral wall of the anterior 2/3 segment of the CIP (Table 3) .
2.5.
Endoderm of the posterior intestinal portal is derived from progenitor cells in the post-nodal endoderm Three sites in the midline (P1, P2 and P3) and two in the lateral region of the post-nodal endoderm were examined for their contribution to the open 'midgut'' and the CIP. Dyelabelled cells and electroporated cells from the same site displayed similar patterns of distribution (Fig. 5) . Descendants of P1 cells were distributed to the floor of the hindgut portal (Figs. 5P1 and 6P1) and extended anteriorly to the lateral region of the caudal part of the open ''midgut'' (Table 3) . P2 cells were localized to both the floor and roof in the caudal region of CIP (Figs. 5P2 and 6P2; Table 3 ). P3 cells were found in the roof of the CIP and extended anteriorly along the whole Cells from the P4 site were distributed mostly to the lateral-ventral region of the CIP (Figs. 5P4 and 6P4; Table 3 ). P5 cells were found in the same regions as the P4 cells (Figs. 5P5 and 6P5) but were present more frequently in the rostral two third part of the CIP (Table 3) . A comparison of the distribution of contralateral P5 cells revealed a symmetrical localization to the lateral wall of the portal and the paraxial region of the open 'midgut'' (Fig. 5P5 + P5) , suggesting the lateral cells in the posterior endoderm, unlike their counterpart in the anterior endoderm, may not be endowed with any laterality-related asymmetry.
Morphogenetic movement of endoderm during portal formation
The pattern of distribution of labelled cells reveals that during the morphogenesis of the AIP, cell populations located at the midline sites (A1, A2 and A3) are extending rostro-caudally as the portal elongates. Cells from the most rostral (A1) and caudal (A3) sites are stretched along the floor and the roof of the portal, respectively, whereas the A2 cells were localized to and populated the tip of the portal (Fig. 4A-A1, A2 and A3) . To elucidate the movement of the lateral cells during the morphogenesis of the AIP, we have tracked in a time-course study the displacement of cells from the lateral A5 and A6 sites relative to the A2 cells (Fig. 7A -A2 + A5 and A2 + A6). A2 cells remained stationary during the first 6 hours and then were displaced rostrally to the tip of portal. A5 and A6 cells converged medially after the crescent-shape AIP lip reached their respective sites (6 h). The A5 and A6 cells from the contralateral sides were juxtaposed at the margin of the AIP but they did not intermingle (14 h). Subsequently, A5 cells extended rostrally within the portal (24 h) to reach the first three pharyngeal pouches (27 h). In the specimen shown ( Fig. 7A -A2 + A6), A6 cells on the right side appeared to extend more rostrally than their left side counterparts (24 and 27 h). The right side A6 cells were localized more to the dorsal side of the portal than the left side A6 cells which were found mostly in the lateral area. Similar pattern of movement of A5 and A6 cells was observed in three other embryos (labelled at A2 + A5, A3 + A5, A2 + A6; data not shown).
The displacement of lateral P5 cells in the CIP was tracked with reference to P1 and P3 cells, which contributed to endoderm over a substantial axial length in the floor and roof, respectively ( Fig. 6P1 and P3 ). P5 cells remained stationary for the first 9 hours after labelling ( Fig. 7B-P1 + P5, P3 + P5: 0-9 h). Concurrent with the elongation of the portal, which was revealed by the rostro-caudal extension of the P1 and P3 cells, P5 cells extended caudally into the portal (21-23 h). P5 cells from contralateral side merged medially (24-27 h) and occupied the lateral sides of the portal. They were juxtaposed to the P3 cells in the dorsolateral region of the rostral 2/ 3 part of the CIP and overlapped with the P3 cells in the lateral region of the open ''midgut'' (Fig. 7B -P3 + P5: 28 h) but not with P1 cells in the floor of the CIP (Fig. 7B -P1 + P5: 28 h). Contrasting to the AIP, the formation of the CIP involves more elaborate rostro-caudal extension of the progenitor cells in all parts of the hindgut.
Discussion
Progenitors of the AIP are present in the anterior endoderm by the early-somite stage
Fate-mapping studies of the endoderm of the gastrulastage mouse embryo show that the definitive endoderm of the foregut is allocated during the first 12 h of gastrulation . By the late-bud/presomite stage, the anterior endoderm, which lies beneath the head folds and constitutes about half of the total endoderm population of the embryo, is fated to form the anterior intestinal portal (Lawson et al., 1986) . This progenitor population is broadly sub-divided into precursors of the dorsal and lateral/ventral foregut (Tam et al., 2004) . In the early (1-3)-somite stage embryo, high-resolution mapping of the anterior endoderm reveals a discrete regionalization of the progenitor of not only the dorsal and ventral foregut, but also the multiple sites of origin of the precursors of the liver bud at the lateral region and the AIP lip and the presence of endoderm progenitor of the gut adjacent to the heart and the liver bud (Tremblay and Zaret, 2005) . Together, results of this previous study and our present work have now provided a complete fate map of the anterior endoderm of the early-somite stage embryo ( Fig. 8A and B) .
Generally, cells in the midline of the anterior endoderm contribute to the formation of the axial endoderm population of the AIP. Cells that are initially located most rostrally in the anterior endoderm (A1) go to the floor of the AIP, while those of the caudal region (A3) populate the roof of the AIP (Tremblay and Zaret, 2005, Fig. 8B ). The A1 and A3 populations expand rostro-caudally presumably in concert with the elongation of the AIP (Fig. 8C) . In contrast, A2 cells spread laterally in the oral part of the AIP (Fig. 8B) .
Cells at the rostro-lateral region (the A4 site) spread caudally (Fig. 8C) to occupy the ventral floor on either side of the A1 cells in the midline (Fig. 8B) . Cells of the pharyngeal pouches and the lateral wall of the prospective oesophagus are derived from cells in the lateral domains (A5 and A6) of the anterior endoderm (Fig. 8B ). A5 cells, however, are localized in the deeper part of the AIP, rostral to the A6 cells. As a result, cells from A1, A4 and A6 sites become juxtaposed to each other in the ventral and lateral endoderm at the entrance of the AIP. This is consistent with the previous finding that liver precursors from these sites are brought together during the formation of the foregut (Tremblay and Zaret, 2005) . A6 cells also extend into the lateral endoderm of the open ''midgut'' to the level of the first 3-4 somites. These cells are found to be incorporated later into the foregut rostral to the liver bud and the pancreas (Pierreux et al., 2005; Tremblay and Zaret, 2005) .
In contrast to the mouse embryo, not all the progenitors of the foregut are present in the endoderm layer of the equivalent stage chick embryo (Stage 4, Kimura et al., 2006) . Notably absent are the cells contributing to the ventral foregut, which after ingression at the primitive streak remain among the mesoderm cells and are incorporated into the endoderm layer later at Stage 5 (equivalent to mouse early-head-fold stage). When these progenitors first emerge, they are localized to the rostral margin of the anterior endoderm (equivalent to the AIP lip, Tremblay and Zaret, 2005 ; Sites A1 and A4, this study). From Stage 5 to 11, the pattern of distribution of the cells in the anterior endoderm of the avian embryo is remarkably similar to that of the mouse. Endoderm cells from the rostral margin contribute to the ventral foregut and they are joined by cells from the lateral endoderm. The dorsal foregut is populated by cells in the medial domain and the lateral foregut by those in the lateral domain of the endoderm anterior to the Hensen's node (Kimura et al., 2006) . Foregut formation in these two divergent species therefore appears to be accomplished by deploying common morphogenetic mechanism.
Laterality in the AIP endoderm
In the avian embryo, cells in the ventral midline of the foregut are derived from Hensen's node (Stage 4) and its intermediate descendants in the prechordal plate (Stage 5, Kirby et al., 2003) . Similarly in the mouse, Gsc-expressing cells of the prechordal plate (Belo et al., 1998; Nishioka et al., 2005) and the adjacent definitive endoderm (the A1 cells) are derived from progenitor in the anterior primitive streak (the mid-gastrula organizer) of the mid-streak stage embryo (Kinder et al., 2001 ). Both the A1 cells and the ventral foregut endoderm, which contains A1-descendants, express Dkk1 ( Lewis et al., 2007; Nishioka et al., 2005 ) that codes for a WNTantagonist. Loss of Dkk1 function or partial loss of both Dkk1 and Gsc results in the truncation of the head structure (Mukhopadhyay et al., 2001; Lewis et al., 2007) , suggesting the prechordal plate and/or the descendants of A1 cells in the pharyngeal endoderm may pattern the head and the orofacial structures (Lewis and Tam, 2006) . Although cells from the lateral endoderm converge medially in the foregut floor, they remain separated in the midline by A1-derived cells. In the avian embryo, ablation of these lateral endoderm population results in randomized directions of the looping of the heart tube (Kirby et al., 2003) , raising the possibility that the ventral midline and the lateral foregut endoderm may play a role in the maintenance of the laterality of the body plan. Consistent with this concept, mapping the distribution of the A5 and A6 endoderm in our study has revealed an asymmetric distribution of the contralateral endoderm to the dorso-ventral aspects of the pharynx. Cells from the right side of the anterior endoderm are distributed to right dorsolateral region and those from the left to the left ventrolateral region of the AIP. This constitutes a clockwise displacement of cells in the wall of the pharynx when it is viewed from the anterior end of the AIP. This asymmetric disposition of cells from contralateral side does not involve any physical rotation of the AIP but only the distribution of the cells within the epithelium lining the pharynx. At the 3-4 somite stage shortly after labelling, asymmetric expression of Nodal is already evident in the lateral mesoderm underlying the A5 and A6 sites (Brennan et al., 2002; and unpublished data) . This display of laterality by the A5 and A6 endoderm seems to herald the direction of rotation (right to dorsal, left to ventral) of the caudal part of the foregut, which forms the lower part of the oesophagus and the stomach. Whether this asymmetric displacement of pharyngeal endoderm has any impact on the looping of the heart tube or the body axis is not known. Nevertheless, this finding highlights that the pharynx may have acquired some morphogenetic property related to the laterality of the body plan.
3.3.
The mid-and hindgut are formed by the expansion of the posterior endoderm
The mapping studies of the anterior endoderm shows that although this population makes up nearly half of the endoderm population present in the early-somite stage embryo, it contributes primarily to the foregut rostral to the liver bud (Tremblay and Zaret, 2005;  this study), which is less than half of the length of the embryonic gut. The midgut and the hindgut would therefore have to be derived from the endoderm in the middle (somite and the node level) and the posterior region of the embryo, as indeed shown by our study.
Endoderm of the open gut region, which spans across the somite-containing region of the early-organogenesis stage embryo, is derived from the cells at the node and lateral to the node, as well as those from the P3 site and P5 sites (see also Tremblay and Zaret, 2005) . In the open gut region, endoderm cells in the midline and the lateral region undergo rostro-caudal extension. The midline cells, however, show a much more substantial extension to cover a longer distance than the adjacent lateral cells, as also seen in the chick (Kimura et al., 2006) .
The formation of the CIP involves the invagination of tissues such that the caudal-most midline cells (P1) are stretched along the floor of the portal (Fig. 8B and C) . The lateral P4 cells converge medially to the ventral and lateral sides of the portal. of the CIP, however, does differ from that of the AIP. The contralateral endoderm populations intermingle at the ventral midline with each other, and like the dorsal midline cells, the ventral midline and lateral (P5) populations extend well beyond the CIP into the lateral area of the open segment of the embryonic gut, which will form the lateral and ventral wall of the future midgut when it closes ventrally. The CIP also elongates to form a longer segment of the gut than the AIP. It is likely that cellular re-arrangement and cell proliferation are required to achieve the expansion of the gut endoderm (Kanai-Azuma et al., 2002) .
In essence, the midgut endoderm is mostly derived from the node and lateral node cells (Wilson and Beddington, 1996) , but its caudal segment is also populated by cells derived from the posterior endoderm (P3 and P5) of the early-somite stage embryo. The posterior endoderm (P1-P5), which harbours the progenitor of the full length of the gut from the level of forelimb bud to the end of the embryonic gut, therefore forms both the pre-and the post-umbilical part of the gut.
4.
Materials and method
Collection and culture of mouse embryos
Embryos were harvested from pregnant ARC/s strain mice at 8.0-8.5 days post-coitum (E8.0-E8.5). Embryos were dissected from the decidua and the Reichert's membrane was removed. Embryos were sorted by somite numbers into the 1-3 somites and 5-9 somites groups. They were kept in 100% rat serum in a 5% CO 2 incubator at 37°C prior to manipulation. Following dye labelling or electroporation, embryos were cultured for 24-28 h in a medium made up of 75% heat-inactivated rat serum and 25% Dulbecco's modified Eagle medium at 37°C in glass bottles rotating at 30 RPM with a continuously replenished gas phase of 5% CO 2 , 20% O 2 and 75% N 2 (Sturm and Tam, 1993) .
Dye labelling of the endoderm cells
For dye labelling, cells in the endoderm were painted with carbocyanine dyes: DiO (D275, Molecular Probes) and CM-DiI (C-7001, Molecular Probes) . In each embryo, around 100-150 cells were labelled in order to reveal the maximal distribution in the embryonic gut of the descendants of the cell population at a particular site. In addition, double labelling was performed to determine the relative spatial distribution of different cell populations and to track their morphogenetic movement during gut morphogenesis.
Labelled embryos were imaged by fluorescence microscopy within 1 h after labelling to ascertain the site of labelling. The embryos were re-imaged at specified time intervals in vitro, in experiments for tracking tissue movement, or at the end of the culture period to visualise the distribution of labelled cells in the embryonic gut. Photographs were taken using a Leica MZ16 microscope with a SPOT Advanced digital camera and fluorescent and bright field images were digitally edited and merged with the SPOT 4.0 software and Adobe Photoshop 7.0. Embryos containing CM-DiI labelled cells were then fixed in 4% paraformaldehyde solution and then processed for wax histology to determine precisely the location of the cells in the gut tissue.
4.3.
Marking the endoderm by whole embryo electroporation
In contrast to dye labelling which marks groups of endoderm cells, electroporation can be targeted to about 30-50 cells and therefore allows a finer resolution of the fates of cells at each site. A pCMV-EGFP or pCMV-lacZ-IRES2-EGFP expression vector was introduced into endoderm cells by electroporation of the whole embryo . The EGFP-expressing cells were visualised by fluorescence microscopy as for the dye-labelled cells at 3 h (to determine the precision and extent of electroporation) and 24-28 h of in vitro culture for visualising the distribution of the progeny of the electroporated cells. After fluorescence imaging, embryos were fixed briefly in 4% paraformaldehyde for 5 min and stained overnight with X-gal reagent. The stained embryos were processed for wax histology to localise the X-gal stained cells in the embryonic gut. Some X-gal stained embryos were further processed for in situ hybridisation to reveal the expression of Pax9 in the foregut (Peters et al., 1998) .
Whole mount in situ hybridization
Embryos were processed for in situ hybridization (ISH) according to the protocol of Wilkinson and Nieto (1993) with the following modifications: riboprobes were labelled with digoxigenin-11-UTP (Roche) using the AmpliScribe kit (Epicentre Technologies) or the MAXIscript T7/T3 Kit (Ambion). SDS was used in place of CHAPS in both prehybridization and hybridization, no RNA digestion was performed after hybridization, and formamide was omitted from post-hybridization washes. The following riboprobes (and the source) were used: En1 (A. Joyner), Fgf8 (G. Martin), Hesx1 (S. Dunwoodie), Krox20 (D. Wilkinson), Otx2 (S.L. Ang), Pax9 (R. Jiang) and Uncx4.1 (S. Dunwoodie).
Data collation and analysis
At the end of the 24-28 h of in vitro culture, the early-headfold embryo developed to embryos containing 16-19 pairs of somites. At this stage, the embryonic gut comprises of a foregut portal, an open ''midgut'' in the trunk (somitic) region and a hindgut portal. The presence of electroporated or labelled cells was scored in sub-regions of these three segments of the embryonic gut: the dorsal, ventral and lateral wall of the foregut portal, medial and lateral regions of the open ''midgut'', and the dorsal, ventral and lateral wall of the hindgut portal. Data were then compiled to show the total number of embryos electroporated or labelled cells for a specific site or combinations of sites that had cells in each of these sub-regions (Tables 1-3 ).
